1. Measurements of kinetic constants for a purified preparation of humanplacenta oestradiol dehydrogenase have been made. 2. These constants have been compared with similar measurements made on crude ammonium sulphate precipitates of human-placenta homogenates. The comparison indicates that nearly half of the observed nicotinamide nucleotide-transhydrogenation activity in the crude preparations is due to a specific oestrogen-dependent transhydrogenase. 3. The remainder of the observed activity results from a substrate-mediated transhydrogenation catalysed by the oestradiol-dehydrogenase activities present in the preparation.
Evidence has been presented for the existence in human term placenta of a specific oestrogendependent nicotinamide nucleotide transhydrogenase (Hagerman & Villee, 1959) . This enzyme (a transhydrogenase) catalyses the transfer of hydrogen from one nicotinamide nucleotide to another without simultaneous oxidation or reduction of any dissociable non-nicotinamide nucleotide reactant.
It has also been demonstrated that highly purified oestradiol-17, dehydrogenase from human term placenta can catalyse a substrate-mediated transhydrogenation reaction (Jarabak, Adams, WilliamsAshman d& Talalay, 1962) . In this case an enzyme with a primary dehydrogenase function catalyses transhydrogenation by a reversible oxidation and reduction ofits primary substrate by using different nicotinamide nucleotides in the forward and reverse directions.
An oestrogen-dependent nicotinamide nucleotide transhydrogenase has been isolated from human myometrium, and this enzyme was conclusively demonstrated to possess no 17ft-hydroxy steroiddehydrogenase activity (Abe, Hagerman & Villee, 1964 ). It has not been possible to prepare in bulk a similar enzyme from human placenta, although small amounts of such an enzyme have been obtained (Hagerman & Villee, 1959 ). The kinetic analysis described below was undertaken to improve the method of assay of these transhydrogenating systems in the hope that more definitive assays would assist in the preparation of the enzyme. THEORY An analytic solution for the general case of cyclic reaction systems was obtained by Hearon (1948) Burris & Stauffer (1957) . Sufficient 3-75M-ammonium sulphate solution, pH6-8, was added to bring the concentration of the salt in the enzyme solution to 1-2M, the addition being made over a 20min. period with continuous stir. ring. Stirring was continued for a further 20min., and the solution was then centrifuged at 8000g for 20min. The supernatant fluid was decanted and brought to 1-6M with respect to ammonium sulphate by addition ofthe solution as before. After centrifugation the precipitated protein was suspended in 20% (v/v) glycerol in 25 mM-sodium phosphate buffer, pH7-0, containing EDTA (lmm), to give a final volume about 2% of that of the original homogenate. Transhydrogenation assays of this material were completed within 6hr. after suspension of the precipitate, to avoid possible loss of labile enzymic activity.
Enzyme a88ay8. Enzyme activities were determined by measuring the formation of reduced nicotinamide nucleotide in a Beckman model DK-2 recording spectrophotometer at a wavelength of 340m,u and a scanning speed of 1 in./min. The temperature of the cell compartment was maintained at 25 + 0-.5. All solutions except the enzyme were brought to this temperature before addition to the incubation mixture.
(a) Dehydrogenase activities. The reaction was carried out in a total volume of 15-Oml. (light-path 50-0mm.). Each cuvette contained 600,moles of tris-HCI buffer, pH7-4, 50,umoles of MgC92, various quantities of oestradiol-17,B or oestrone dissolved in 0-5ml. of propylene glycol-ethanol (1:1, v/v), enzyme and either 1-5,umoles of NAD+ or 0-5,umole of NADPH. The nicotinamide nucleotide was omitted from the blank; the reaction was started by the addition of enzyme. Preliminary experiments showed that these concentrations of nicotinamide nucleotide were sufficient to saturate the system; more nicotinamide nucleotide did not cause the reaction to go faster, nor was the amount large enough to cause substrate inhibition of the reaction. All the reaction velocities were calculated from the initial linear portion ofthe extinction recording, and the amount of enzyme was made sufficiently small to ensure absolute proportionality between reaction rate and amount of added enzyme at a given steroid concentration. Separate control experiments demonstrated that the observed rate ofreaction was unaffected by the organic solvents used to maintain the steroids in true solution. No oxidation or reduction of nicotinamide nucleotide occurred in the absence of added steroid.
(b) Transhydrogenation activity. The reaction was carried out in a total volume of3-0ml. (light-path 10-0mm.).
Each cuvette contained 300,umoles of tris-HCl buffer, 10, umolesofMgCl2, 10, 5 
RESULTS
Kinetic constantsfor the stage 5 enzyme acting as a dehydrogenase. Dehydrogenase activity was determined in the described assay system at a variety of steroid concentrations (oestradiol, 0-1-33 M; oestrone 0. 1-10 uM) in the direction of oestradiol oxidation with NAD+ as hydrogen acceptor and in the direction of oestrone reduction with NADPH as the hydrogen donor. The results were analysed by the statistical procedure described by Wilkinson (1961) , and the results are collected in lines 1, 2 and 3 of Table 2 . An analysis of variance of 8/V as a function of 8 for both reactions showed no statistically significant deviations from linearity, demonstrating that the system follows strict Michaelis-Menten kinetics over the range of substrate concentrations used. An estimate of the Michaelis constant for NADPH in the direction of oestrone reduction was also obtained. In the determination of this constant 125mg. ofpurified human serum albumin was added to the standard reaction mixture to give complete solution ofthe certainly saturating concentration of 0-1 mM-oestrone used and the concentration of NADPH was varied. Since the calculated Km for NADPH was near the lowest practicable limit of concentration of reduced nucleotide when the spectrophotometric method was used, the value was verified in the following way. Reaction mixtures were prepared that contained, in a total volume of 3-0ml., 300,umoles of tris-hydrochloric acid buffer, pH7-4, lO,moles of magnesium chloride, 25mg. of human serum albumin, 0-3,umole of oestrone, 1 ,umole of glucose 6-phosphate, 5-0units of glucose 6-phosphate dehydrogenase and the placental enzyme preparation. The reaction was initiated by the addition of NADPH in amounts sufficient to give final concentrations of 0-33,uM-, 0-lpM-and 0.033,uM-nicotinamide nucleotide and the vessels were incubated at 25°for exactly 20min. At the end of the incubation the reaction was stopped by placing the vessels in a boiling-water bath for 5min. After cooling, samples were taken for determination of the amount of glucose 6-phosphate remaining by spectrophotometric measurement of its reducing power in the presence of excess of NADP and glucose 6-phosphate dehydrogenase (Kornberg & Horecker, 1955) . Under the experimental conditions described, the rate of disappearance of glucose 6-phosphate in this regenerative assay is identical with the rate of oestrone hydrogenation. At the concentrations of NADPH used, the experimentally observed reaction rates were always within one standard error of the value calculated from the spectrophotometrically determined constants for the same enzyme preparation. Dehydrogenation and transhydrogenation reactions catalysed by crude ammoniuM sulphate precipitates of placenta. Experimental measurements of transhydrogenation activity were made on enzyme preparations from five placentas, exactly as described for the measurements with the purified enzyme.
The endogenous steroid concentration of a pooled sample of these preparations, measured by isotope dilution, gave a value of 10m/tM, so that the transhydrogenation measurements were made at effective steroid concentrations from 30 to 700mjum. The results obtained were plotted in the form I/v as a function of 1/8 and gave a smooth non-linear curve, grossly concave downwards. This result made it clear that transhydrogenation by these preparations did not conform to simple Michaelis-Menten kinetics, and the results were further analysed as described below. These same placental preparations were assayed for dehydrogenase activity at a variety of steroid concentrations in both the direction of oestradiol oxidation and oestrone reduction, by using experimental procedures identical with those employed with the purified dehydrogenase. The Michaelis constants calculated by Wilkinson's (1961) procedure from these results for the dehydrogenase activity ofthe crude placental preparation are given in Table 3 (lines 2 and 3). The value for NADPHlinked dehydrogenase activity in this preparation is not statistically different from that found for the same constant in the purified preparation (line 2 in Table 2 ), whereas that for NAD-linked activity is only one-third as great. The more reliable values obtained with the purified preparation were used in subsequent calculations. The maximal velocities, expressed per mg. of protein, were lower as anticipated for these impure preparations.
The rate of substrate-mediated transhydrogenation calculated from the kinetic constants for dehydrogenase activity in the impure preparations was compared with the experimentally observed rate of transhydrogenation in the same preparations. A consistent excess of the observed over the calcu- lated rate at all concentrations of steroid suggested that the observed non-linearity of the transhydrogenation reciprocal plot might be due to the presence of more than one transhydrogenating system in the crude enzyme preparation (Reiner, 1959) . The rates of substrate-mediated transhydrogenation for the crude enzyme were calculated at various steroid concentrations by using the experimentally determined K for substrate-mediated transhydrogenation given in Table 2 (line 4) and the maximal velocities determined experimentally in the dehydrogenase assays of the crude enzyme preparations given in Table 3 (lines 2 and 3). (Use of the calculated values of K for substrate-mediated transhydrogenation derived from the kinetic constants of either the crude or purified enzyme preparation in this further analysis of the results did not appreciably alter the final results.) The resulting values were subtracted from the observed velocities of transhydrogenation. The velocity of the transhydrogenation reaction unaccounted for by dehydrogenase-catalysed substrate-mediated transhydrogenation gave a statistically linear plot of 8/V as a function of 8. These residuals were fitted to the Michaelis-Menten function by the method of least squares. The results of the calculations are set out in Table 3 (line 5). The error associated with the K for transhydrogenation that is not substratemediated is large because of the large number of calculations involved, but the value of the K for the non-substrate-mediated process is clearly statistically distinct from the apparent K for the substrate-mediated process. The value is also statistically different from zero.
DISCUSSION
Various possible difficulties in these experiments must be examined. Substrate concentrations were of necessity low, which led to greater than desirable variability in the analyses, principally because the observed changes in extinction were small. Thus evaluation of the results gave rather large estimates of error for some of the constants, and these errors are further magnified by the arithmetical manipulations used. The calculated K for non-substratemediated transhydrogenation is slightly below the lowest concentration of steroid employed experimentally. Measurements made at lower concentrations were too inaccurate to be of any value. Statistical treatment of the results assists in overcoming this defect, but precise measurement ofthe constant will not be possible until the protein responsible for the non-substrate-mediated transhydrogenation has been obtained in a purer state. Nevertheless, the final results for the calculated constants and their associated errors do not permit the interpretation that the dehydrogenase activity ofthe crude enzyme preparation is sufficient to account for the observed transhydrogenation activity.
The results would be vitiated if there were any significant degree of non-specific (i.e. non-catalytically active) binding of the steroid to the proteins in the enzyme preparation. The amount of bound steroid under the experimental conditions used in the enzyme assays was determined directly by equilibrium dialysis with radioactive steroids, and it was shown that this factor could be neglected.
At higher concentrations of steroid than those used in the experiments described inhibition of transhydrogenation was observed, but this effect could not be examined quantitatively because the limited solubility of the steroid precluded accurate enzyme assay at the necessary concentrations.
The observed non-linearity in the inverse plot of the transhydrogenation assays with steroid concentration might be due to binding ofan appreciable fraction of the added steroid to the enzyme at the lower concentrations of steroid rather than to the presence of more than one transhydrogenating system in the crude preparations. (That is, the kinetic assumption that the absolute concentration of substrate is considerably greater than that of the enzyme might not have been valid in these experiments.) This possibility was examined by plotting the results in the form v/(V-v) as a function of 8, which gives a linear plot under these conditions (Reiner, 1959) . This function of the velocities did not give a linear relationship for the results and the possibility was discarded.
Multiple interacting active sites on the proteins responsible for steroid dehydrogenation could give non-linearity of the inverse plots of the transhydrogenation reaction; but this is impossible because the results obtained with the stage 5 enzyme preparation are uniformly linear. Similarly, non-linearity of the inverse plot of transhydrogenation activity due to endogenous steroid cannot be a factor because the amount of endogenous steroid was determined directly and corrected for. [In previous experiments (Hagerman & Villee, 1957 ) the correction for endogenous steroid was made indirectly from the results themselves.]
The various kinetic constants obtained in the present investigations may be compared with previous values in the literature. The Michaelis constant for NADPH in the reaction of oestrone reduction was reported as less than 10-6M (Talalay, Hurlock & Williams-Ashman, 1958) , in agreement with the present values. The Michaelis constant for oestradiol in the reaction of NAD+ reduction was reported to be about 3*3 x 1O-6M (Langer, Alexander & Engel, 1959) , compared with our value of 2*8 x 10-6M. The value for the apparent Michaelis constant of the transhydrogenation reaction given in the present paper is not significantly different from that which we previously published, even though the previous experiments were interpreted before the discovery of the complexities of the reactions involved (Hagerman & Villee, 1957) . The value obtained indirectly for the placental enzyme is identical with that reported for a similar enzyme found in human myometrium (Abe et al. 1964) .
Our experiments make it clear that nearly half of the oestrogen-dependent transhydrogenation activity present in crude extracts of human term placenta cannot be accounted for by substratemediated dehydrogenase-catalysed transhydrogenation, in agreement with our previous conclusion that placenta contains a specific oestrogen-dependent transhydrogenase. Jarabak et al. (1962) concluded on the basis of studies on the purification of the dehydrogenases, that all of the transhydrogenation could be accounted for by the measured dehydrogenase activities. Our results show that accurate assays for the oestrogen-dependent transhydrogenase in the presence of the dehydrogenase activities require a correction of the observed transhydrogenation activity for the substratemediated contribution to the total. The correction can be calculated from independent measurements of the (maximal) dehydrogenase activities, or from measurements of the total transhydrogenation activity at several steroid concentrations, and calculation with the aid of the Michaelis constants given.
